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Abstract. Severe ﬂood events turned out to be the most dev-
astating catastrophes for Europe’s population, economy and
environment during the past decades. The total loss caused
by the August 2002 ﬂood is estimated to be 10 billion Eu-
ros for Germany alone. Due to their capability to present a
synoptic view of the spatial extent of ﬂoods, remote sensing
technology, and especially synthetic aperture radar (SAR)
systems, have been successfully applied for ﬂood mapping
and monitoring applications. However, the quality and accu-
racy of the ﬂood masks and derived ﬂood parameters always
depends on the scale and the geometric precision of the orig-
inal data as well as on the classiﬁcation accuracy of the de-
rived data products. The incorporation of auxiliary informa-
tion such as elevation data can help to improve the plausibil-
ity and reliability of the derived ﬂood masks as well as higher
level products. This paper presents methods to improve the
matching of ﬂood masks with very high resolution digital el-
evationmodelsasderivedfromLiDARmeasurementsforex-
ample. Inthefollowing, acrosssectionapproachispresented
that allows the dynamic ﬁtting of the position of ﬂood mask
proﬁles according to the underlying terrain information from
the DEM. This approach is tested in two study areas, using
different input data sets. The ﬁrst test area is part of the Elbe
River (Germany) whereﬂood masksderived fromRadarsat-1
and IKONOS during the 2002 ﬂood are used in combination
with a LiDAR DEM of 1m spatial resolution. The other test
data set is located on the River Severn (UK) and ﬂood masks
derived from the TerraSAR-X satellite and aerial photos ac-
quired during the 2007 ﬂood are used in combination with a
LiDAR DEM of 2m pixel spacing. By means of these two
examples the performance of the matching technique and the
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scaling effects are analysed and discussed. Furthermore, the
systematic ﬂood mapping capability of the different imaging
systems are examined. It could be shown that the combina-
tion of high resolution SAR data and LiDAR DEM allows
the derivation of higher level ﬂood parameters such as ﬂood
depth estimates, as presented for the Severn area. Finally,
the potential and the constraints of the approach are evalu-
ated and discussed.
1 Introduction
Mapping of large scale ﬂood events is not only of major con-
cern for disaster response teams and ﬂood management ofﬁ-
cials but also poses a key task to hydrologists and the indus-
try in order to generate reference data and calibration infor-
mation for dynamic ﬂood models, damage estimates, ﬂood
plain mapping tasks and further applications. This applies
for gauged basins, where gauges may fail or where ﬂooded
areas cannot be characterised sufﬁciently by the gauge data
alone, and it applies even more for ungauged basins, where
often only little information on the ﬂood dynamics and basin
response to extreme events is available. During the past
decades airborne and space-borne remote sensing platforms
have been frequently used to map and monitor ﬂood extent
in all kinds of basins (Horritt et al., 2003; Sanyal and Lu,
2004; Wang, 2004; Schneiderhan et al., 2007). However,
in many cases ﬂood extent alone is not sufﬁcient to charac-
terise a given ﬂood situation adequately. Often parameters
like inundation depth or duration of a speciﬁc ﬂood situa-
tion are required, e. g. as input for damage models (Thieken
et al., 2005). As different remote sensing sensors have dif-
ferent ground resolution and varying ﬂood/water detection
potential, it is important to be aware of such limitations
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when processing the respective ﬂood masks in GIS opera-
tions or when generating ﬂood maps. This is the case when
ﬂood masks are combined with digital elevation data to de-
rive spatially distributed estimates of inundation depths or
to exactly locate the land-water boundary in a digital ter-
rain model (Sanders, 2007; Mason et al., 2007; Ling et al.,
2008). In such cases even small geometric inaccuracies dur-
ing the geocoding process or slight classiﬁcation errors (local
or general in character) can signiﬁcantly reduce the quality of
higher level products such as maps of inundation depths. An-
other approach for the estimation of uncertainty of observed
inundation extent is the implementation of a fuzzy evaluation
methodology (Pappenberger et al., 2007).
In order to enhance the geometric and thematic reliabil-
ity of ﬂood masks derived by remote sensing techniques,
we here present methods to improve the matching of ﬂood
masks with very high resolution digital elevation models as
derived from LiDAR measurements (Fowler, 2002). By ap-
plying these matching techniques, the hydrological plausibil-
ity and reliability of ﬂood masks is improved, so that further
processing in hydrological or hydraulic models can be per-
formed with sufﬁcient accuracy. This is of particular rele-
vance whenever applying remote sensing techniques to op-
erational ﬂood monitoring or for rapid mapping purposes,
i.e. when the processing and veriﬁcation of the results have
to be achieved under time pressure. Only a few authors
have presented techniques to establish such links of remotely
sensedﬂoodmaskswithhighresolutiondigitalelevationdata
sets. Schumann et al. (2006) present a georeferencing ad-
justment method which shifts the SAR image until an ac-
ceptable agreement between left and right ﬂood extent water
level is found. Matgen et al. (2007) tested and compared
methods for ﬂood depth interpolation based on ﬂood masks
derived from SAR imagery. Bates et al. (2006) used a 2-D
hydraulic model approach to cross-compare the results with
SAR derived ﬂood extent maps, while Meinel et al. (2003)
presented concepts for computing water levels using eleva-
tion readings from intersecting IKONOS ﬂood masks with
LiDAR DEMs and terrestrial land/water line observations.
Schumann et al. (2007) used different regression models to
ﬁt the left and right bank elevation readings from SAR based
water mask/DEM intersections. All authors described the
difﬁculty of precisely combining water masks and DEMs, as
geometric errors and thematic classiﬁcation errors in the re-
mote sensing data remain high. The methods presented in
this paper seek to reduce such residual errors through local
matching operations.
2 Methodological approach
The technique presented here is based on the concept of lo-
cally ﬁtting a carefully processed ﬂood mask into high res-
olution digital elevation data sets. Whereas Schumann et
al. (2006) for example presented a method which shifts the
entire ﬂood mask in order to achieve coherence with the un-
derlying elevation data, the proposed method is based on a
sequence of densely spaced cross sections which are shifted
and adjusted individually. The assumption is that small-scale
geometric or thematic classiﬁcation errors can be compen-
sated by the ﬁtting process and the hydraulic accuracy can
be improved through these ﬁtting operations. However, the
matching process can only be carried out within certain lim-
its, as the approach is neither meant to inter- or extrapolate
ﬂood masks nor to substitute accurate hydraulic approaches.
Two major assumptions for the ﬁtting process and the deriva-
tion of ﬂood depth are, that each cross section has a horizon-
tal water level and that only minor thematic errors (in the
order of some pixels) exist in the satellite-derived ﬂood pro-
ﬁles. The character and accuracy of the digital elevation data
is of key relevance to this approach, as remaining artefacts
like vegetation, removable objects or interpolation errors in
the DEM have an inﬂuence on the matching result (Fowler,
2002).
Figure1illustratesthesequenceofthemostimportantpro-
cessing steps of the proposed method. Initially, the terrain
proﬁles are generated perpendicularly to the centreline of the
river. Ideally, this line should be the centreline of the area
of the ﬂood water body given by the ﬂood mask, rather than
the centreline of the normal water body. Especially for large
ﬂood situations, when the water ﬂow takes a different path
than normal river ﬂow, the centreline should represent the ef-
fective ﬂood situation. In order to avoid too much overlap
between the cross sections, the sinuosity of centreline should
be minimised. The distance between cross sections as well
as the sampling distance within proﬁles depends on the geo-
metric resolution of the remote sensing data from which the
water mask was derived.
The cross sections are set up as proﬁles of the river basin
topography which turns into bathymetry once the river is
ﬂooded. Once the respective river section is characterised
by these proﬁles they can be used for intersection with the
ﬂood mask. According to Fig. 1 the next processing step is
depictedin the upperyellow boxnamed “proﬁleshifting, wa-
ter level derivation”. This processing step is carried out for
each single cross-section proﬁle. For each proﬁle segment
labelled as “ﬂooded” the mean elevation is derived from the
DEM and a plausibility check is carried out. All segments
which exceed a threshold of 2 m above the mean elevation
of the ﬂood proﬁle are excluded, as they are obviously mis-
classiﬁed due to shadow or layover effects in the SAR data.
For the remaining cross section proﬁle the elevation reading
of the left border is compared to the elevation of the right
border. Assuming a planar water level orthogonally to the
ﬂow direction the ﬂood proﬁle with a ﬁxed length is shifted
along the cross section until the optimal position is found
and the elevation of the left and right border are leveled out.
Theoretically, this step provides the possibility to compen-
sate for a systematic geometric displacement of the remote
sensing data on the basis of the elevation model. However,
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this shift can only be applied within deﬁned limits and we
propose a threshold of a maximal shift in the order of 5–10
pixels depending on the general processing and classiﬁcation
accuracy of the ﬂood mask. A larger shift would bias the de-
terminationofthewaterlevel. Atthispointitshouldbenoted
that the SAR image should be geo-referenced as accurately
as possible beforehand, in order to minimise the geometric
error. Finally, the elevation of the ﬂood water level is calcu-
lated from the elevation of the left and right border for each
individual ﬂood proﬁle.
The next processing step is the generation of the longitu-
dinal ﬂood level proﬁle, illustrated by the red-framed box in
Fig. 1, which consists of the sequence of the water level es-
timates of each individual cross section along the river ﬂow
line. The longitudinal proﬁle is a key instrument of the pro-
posed methodology since the derived water level estimates
of the individual proﬁles can be visualised and compared
against water gauge data and other reference data if avail-
able. This information can be used as an indicator of how
well the water levels have been derived and where problems
such as classiﬁcation errors occurred. During this step it has
to be evaluated if the quality of the derived water level es-
timates allows the reliable mapping of inundation depth or
not. Examples are given in chapter 3 and 4. On the basis of
the longitudinal proﬁle the water level estimates can be cor-
rected in such a way that obvious errors due to misclassiﬁca-
tions are reduced. Hence, a moving average is applied to the
longitudinal sequence of the water level estimates in order
to obtain a naturally smooth water surface which serves as
reference water level for the ﬂood depth delineation. Theo-
retically, this step allows for the compensation of small-scale
thematicand/orgeometricerrorsinsuchawaythatvariations
in the water level estimates of subsequent cross sections are
averaged and outliers are removed. The limitation of this ap-
proach is that classiﬁcation errors that range over more than
a few cross sections can not be compensated. This occurs for
example when the ﬂood extent of a relatively large area of
the river section is underestimated due to ﬂooded vegetation.
In this case the water level would be underestimated as well,
and the respective ﬂood proﬁles would have to be excluded
or the errors be reduced by further pre-processing. This high-
lights the importance of the visual interpretation and cross-
checking of the longitudinal proﬁle.
In the next processing step named “proﬁle adjustment” in
Fig. 1 the modiﬁed water level estimates are used to adjust
the horizontal extent of the cross section ﬂood proﬁles. This
means that each individual ﬂood proﬁle is trimmed or ex-
tended on the basis of its reference water level from the lon-
gitudinal proﬁle and is thus ﬁtted to the ﬂood plain topogra-
phy.
The last processing step illustrated in Fig. 1 is the deriva-
tion and mapping of inundation depth. From the xyz-
coordinates of the left and right border of the adjusted ﬂood
proﬁles a Triangulated Irregular Network (TIN) is created.
A continuous ﬂood water surface which represents the rec-
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Figure 1. Flowchart showing the interconnection of the major processing steps for the 
mapping of inundation depth. The grey boxes depict the input datasets for the river 
parameterization via cross-sections, the yellow-colored boxes illustrate the processing steps 
for each single cross-section and the red-framed box describes the integration process of all 
single cross-section profiles within the longitudinal profile. If available, water gauge data 
should be incorporated. The terrain adjusted profile heights are transformed into a raster file 
via a TIN and inundation depth can be derived by subtracting the terrain elevation from the 
elevation of the water surface. 
 
Fig. 1. Flowchart showing the interconnection of the major pro-
cessing steps for the mapping of inundation depth. The grey boxes
depict the input datasets for the river parameterization via cross-
sections, the yellow-colored boxes illustrate the processing steps for
each single cross-section and the red-framed box describes the in-
tegration process of all single cross-section proﬁles within the lon-
gitudinal proﬁle. If available, water gauge data should be incor-
porated. The terrain adjusted proﬁle heights are transformed into
a raster ﬁle via a TIN and inundation depth can be derived by sub-
tracting the terrain elevation from the elevation of the water surface.
tiﬁed water levels from the longitudinal proﬁle is generated
via TIN interpolation. The resulting raster layer of inunda-
tion depth is then computed by subtracting the DEM from
the rasterised TIN.
The proﬁle matching algorithm is implemented in IDL (in-
teractive data language). Each proﬁle is stored in a database
and all intersections, cross-checking and matching opera-
tions can be computed independently. Hence, even large data
sets can be handled quite easily and the precomputed proﬁle
database can be used for a wide range of ﬂood situations.
3 Case study on River Elbe, Germany
3.1 Study area and ﬂood situation
The extreme ﬂood event in August 2002 affected a number
of rivers in Central Europe and especially the Elbe. Due to
all-time high summer rainfall amounts and intensities in the
headwaters and tributaries of the Elbe River, the water gauge
at the city centre of Dresden measured a record water level
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Figure 2. Radarsat-1 image showing the flood situation of the Elbe River 15 km north-west of 
Dresden (Germany) on 18 August 2002, one day after the flood peak. For comparison a small 
subset of an IKONOS false colour image is presented which was acquired three hours after 
the Radarsat-1 scene. 
Fig. 2. Radarsat-1 image showing the ﬂood situation of the Elbe
River 15km north-west of Dresden (Germany) on 18 August 2002,
one day after the ﬂood peak. For comparison a small subset of an
IKONOS false colour image is presented which was acquired three
hours after the Radarsat-1 scene.
of 9.4m on 17 August 2002. This ﬂood level exceeded the
previously recorded all-time ﬂood peak of the year 1845 by
63cm.
Figure 2 gives an overview of the study area which com-
prises a section of the middle course of the Elbe River of
about 15km length. The heavily ﬂooded city centre of Dres-
den is located about 20km upstream, southeast of the study
area. The ﬂoodplain geomorphology exhibits pronounced
terrain with some steep slopes adjacent to the water course.
The topographic gradient of 7m and the resulting average
longitudinal slope of 0.0005m/m for this river section pro-
vokes a straight river ﬂow.
3.2 Data sets and pre-processing
A Radarsat-1 scene showing the ﬂood situation of the Elbe
River on 18 August 2002, one day after the ﬂood peak, was
used for this study. The incidence angle was 41◦ and the
polarisation of the C-Band Radarsat-1 sensor was HH. First
of all, the raw satellite data were processed and geocoded us-
ing one ground control point (GCP) to improve the positional
accuracy. The accuracy assessment based on 8 independent
GCPs gave a total RMSE of 16.59m. The pixel spacing of
the processed image was 12.5m. A standard edge-preserving
adaptive Lee-Sigma ﬁlter with a window size of 7×7pixels
was then applied on the SAR data in order to reduce speckle
and to support homogeneous water classiﬁcation (Sheng and
Xia, 1996). A binary ﬂood mask was derived using a pixel-
based threshold classiﬁcation approach (Brivio et al., 2002;
Bonn and Dixon, 2005). The assumption of the threshold
classiﬁcation approach is that all pixels with backscatter in-
tensities below a certain threshold are classiﬁed as “ﬂooded”
whereas pixels with higher backscatter values are classiﬁed
as “non-ﬂooded”. The resulting classiﬁed ﬂood extents were
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Figure 3.  Elevation map of the Elbe River north-west of Dresden with the original flood 
mask derived from Radarsat-1 (light blue). The cross section flood profiles with a spacing of 
100 m were horizontally shifted according to the underlying terrain data and are drawn in 
yellow. For comparison the flood mask derived from IKONOS is encircled by the lime-green 
line.  
Fig. 3. Elevation map of the Elbe River north-west of Dresden with
the original ﬂood mask derived from Radarsat-1 (light blue). The
cross section ﬂood proﬁles with a spacing of 100m were horizon-
tally shifted according to the underlying terrain data and are drawn
in yellow. For comparison the ﬂood mask derived from IKONOS is
encircled by the lime-green line.
visually compared against ofﬁcial municipality ﬂood maps
derived from aerial survey, ground truth information and citi-
zen interviews. The errors were evaluated qualitatively by vi-
sual interpretation and ﬁne tuning of the threshold was done
at a number of selected points for which the water bound-
ary could be reliably identiﬁed from the reference data. As
a ﬁnal step of the classiﬁcation small islands and lakes were
removed.
A LiDAR DEM of the Elbe ﬂood plain with 1m horizon-
tal resolution and a vertical accuracy of 0.1m was available
for the study area. For validation and cross-comparison an
optical IKONOS satellite image with four channels and 1 m
resolution, acquired three hours after the Radarsat-1 scene,
was used. The IKONOS scene was orthorectiﬁed and visu-
ally interpreted. Because of its high spatial resolution and
the good perceptibility of the ﬂooded area, especially in the
near infrared channel, a detailed ﬂood mask could be digi-
tised. This ﬂood mask showed good agreement with the of-
ﬁcial high resolution ﬂood maps and is thus considered to
reliably reﬂect the real ﬂood situation.
3.3 Case speciﬁc analysis
As indicated in Fig. 2, the ﬂood mask derived from Radarsat-
1datashowslargedifferencesinﬂoodextentwhencompared
to the ﬂood mask inferred from IKONOS imagery. Accord-
ing to the geometric resolution of the Radarsat-1 data, cross
section ﬂood proﬁles were generated at intervals of 100m
along the centreline of the water course as shown in Fig. 3.
The sampling distance along the proﬁles was 10m. Fig-
ure2revealsthattheRadarsat-1ﬂoodmaskpartiallyincludes
Hydrol. Earth Syst. Sci., 13, 567–576, 2009 www.hydrol-earth-syst-sci.net/13/567/2009/H. Zwenzner and S. Voigt: Improved estimation of ﬂood parameters 571
  22
 
 
 
Figure 4. Longitudinal profile showing the elevation of the left and right river bank at each 
individual Radarsat-1 profile before and after the rectification. Large anomalies can be 
recognised in the uncorrected elevation readings of the left river bank caused by 
misclassification of water due to radar shadow. After the horizontal adjustment (shifting) of 
the profile, elevation readings of the left and right river bank correspond to each other.  
Fig. 4. Longitudinal proﬁle showing the elevation of the left and
right river bank at each individual Radarsat-1 proﬁle before and
after the rectiﬁcation. Large anomalies can be recognised in the
uncorrected elevation readings of the left river bank caused by mis-
classiﬁcation of water due to radar shadow. After the horizontal
adjustment (shifting) of the proﬁle, elevation readings of the left
and right river bank correspond to each other.
areas on the hill slopes of the left river bank which were
misclassiﬁed because of low backscatter intensities due to
geometric effects such as radar shadow or stretching of the
backside of the mountain. Obviously misclassiﬁed proﬁle
segments and segments not connected to the main ﬂood sur-
face were excluded from further processing. By applying the
proﬁle shifting methodology described in Sect. 2, all valid
proﬁlesegmentswereshiftedhorizontallyandadjustedtothe
ﬂood plain topography. Figure 4 shows a comparison of the
elevationoftheleftandrightboundaryoftheﬂoodproﬁlesin
ﬂow direction, before and after the shifting was performed.
Large outliers on the left bank are visible in the uncorrected
ﬂood proﬁles.
The same method and cross section proﬁles were applied
on the ﬂood mask derived from IKONOS imagery. Figure 5
presents a comparison of the water level readings derived
from Radarsat-1 and IKONOS for each individual proﬁle
along the river reach.
3.4 Results
By applying the proﬁle shifting method large outliers in
the elevation of the left river bank could be eliminated (see
Fig. 4) and the ﬂood proﬁles from Radarsat-1 data thus ap-
pear more plausible with respect to their position in the ter-
rain. Figure 3 illustrates that all shifted ﬂood proﬁles lie
within the IKONOS ﬂood mask. However, the results are
rather disappointing with respect to the derived water lev-
els depicted by the longitudinal proﬁles in Figs. 4 and 5.
The terrain-adjusted ﬂood proﬁles from Radarsat-1 indicate
a large underestimation of the ﬂood water levels when com-
pared to water level estimates from IKONOS (see Fig. 5).
Although also the water levels from IKONOS show a sig-
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Figure 5. Longitudinal profile of the Elbe River reach north-west of Dresden showing the 
water level estimates for each individual cross-section profile for Radarsat-1 (red) and 
IKONOS (green) in comparison to the pre-flood average water level (blue). 
 
Fig. 5. Longitudinal proﬁle of the Elbe River reach north-west
of Dresden showing the water level estimates for each individual
cross-section proﬁle for Radarsat-1 (red) and IKONOS (green) in
comparison to the pre-ﬂood average water level (blue).
niﬁcant scattering, the ﬂood water levels derived from the
Radarsat-1 proﬁles are much more variable. A number of
ﬂood proﬁles feature a water level similar to the pre-ﬂood
average water level as it is represented by the LiDAR ele-
vation data. This is shown by the red data points which are
located on the blue line in Fig. 5. Since ﬂood extent and wa-
ter level are closely correlated, it follows that the ﬂood ex-
tent detected by Radarsat-1 at these cross sections is largely
underestimated and the proﬁles are too short. Thematic clas-
siﬁcation errors caused by high backscatter intensities from
ﬂooded vegetation and too much distortion from the proxim-
ity of the urban areas can be regarded as the main reasons for
this. Also the pixel size of 12.5m has a negative inﬂuence
on the accuracy of the ﬂood mask when compared to a high
resolution DEM of 1m pixel spacing.
A general underestimation of about 2m compared to
IKONOS such as it is shown by the regression lines in Fig. 5
leads to the conclusion that ﬂood masks from traditionally
medium resolution SAR sensors such as Radarsat-1 are not
appropriate for such detailed analyses. The boundary condi-
tions for the derivation of reliable ﬂood water levels are not
fulﬁlled and thus the following processing steps towards the
generation of inundation depth are dismissed. This example
shows that there is a need of much more appropriate radio-
metric as well as higher spatial resolutions of SAR images
such as it is provided by TerraSAR-X.
4 Application for high resolution SAR data at River
Severn, UK
4.1 Study area and ﬂood situation
The severe ﬂood situation on the River Severn occurred dur-
ing the summer season and was induced by heavy and en-
during rainfall over the Gloucestershire Region in Southeast
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Figure 6. Hydrograph of the Mythe Bridge water gauge at Tewkesbury, UK, showing the 
flood situation over 10 days from July 20th to July 30th, 2007. The red bars depict the time of 
the data acquisitions of Orthophotos and TerraSAR-X and the respective water levels are 
given in brackets. During the 15 hours time between the two acquisitions the water level 
decreased by 27 cm. The green box depicts the period in which the accuracy of the water 
gauge data is limited by +/- 30mm due to partial failure of the gauge and interpolation of 
missing values (data source: Environment Agency of England and Wales). 
Fig. 6. Hydrograph of the Mythe Bridge water gauge at Tewkes-
bury, UK, showing the ﬂood situation over 10 days from 20 July to
30 July 2007. The red bars depict the time of the data acquisitions
of Orthophotos and TerraSAR-X and the respective water levels are
given in brackets. During the 15 h time between the two acquisi-
tions the water level decreased by 27cm. The green box depicts the
period in which the accuracy of the water gauge data is limited by
+/- 30mm due to partial failure of the gauge and interpolation of
missing values (data source: Environment Agency of England and
Wales).
England. The record ﬂood level at Tewkesbury measured
5.43m on 22 July 2007 which was 13cm above the previous
record from the year 1947. A number of water gauges in the
area did not operate regularly in terms of a continuous ﬂood
monitoring. Figure 6 shows the hydrograph of the River Sev-
ern at the water gauge at Mythe Bridge, Tewkesbury, which
illustrates how the ﬂood situation evolved. The ﬂood situ-
ation was stable over several days. In the beginning it was
induced by surface water from heavy local precipitation that
could not drain away quickly and later it was characterised
by inﬂow originating from upstream rainfall.
The study area presented in Fig. 7 comprises a section of
the River Severn of about 8km length including the conﬂu-
ence of the River Avon coming from northeast. The heavily
ﬂooded city of Tewkesbury is located east of the conﬂuence
and can be seen in the TerraSAR-X image as bright areas
with high backscatter intensities (see Fig. 7). The Mythe
Bridge water gauge is located 0.5 km north of the conﬂu-
ence of the two rivers. The study area is part of the lower
course of the River Severn, and opposed to the Elbe River,
the terrain is relatively ﬂat with a very gentle gradient in ﬂow
direction which hampers ﬂood water to drain away quickly.
4.2 Data sets and Pre-processing
This case study is based on a TerraSAR-X StripMap scene
with 3 m pixel spacing showing the ﬂood situation on
25 July 2007. The incidence angle was 24◦ and HH polar-
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Figure 7. TerraSAR-X image from 25 July 2007 showing the large flood event of the River 
Severn at Tewkesbury (UK). Cross section profiles with a distance of 50 m were created 
perpendicular to the flood centreline and were horizontally shifted according to the underlying 
high resolution elevation model. From the left and right boundary points the elevation of the 
water level could then be derived for each profile.   
Fig. 7. TerraSAR-X image from 25 July 2007 showing the large
ﬂood event of the River Severn at Tewkesbury (UK). Cross section
proﬁles with a distance of 50m were created perpendicular to the
ﬂood centreline and were horizontally shifted according to the un-
derlying high resolution elevation model. From the left and right
boundary points the elevation of the water level could then be de-
rived for each proﬁle.
isation was chosen. The TerraSAR-X image was delivered
in the standard high precision Enhanced Ellipsoid Corrected
(EEC) format. The “rapid” orbit type (GPS orbit determina-
tion) was chosen which is advantageous for disaster response
operations because of fast processing and data access. The
pixel localisation accuracy of this orbit type is 2 m, in ﬂat
areas it is even more precise. In order to reduce speckle and
obtain homogeneous water classiﬁcations as well as to re-
move small islands in the data, an adaptive Lee-Sigma ﬁl-
ter with a window size of 31×31 pixels was applied to the
image. In contrast to the Elbe case study and the Radarsat-
1 pre-processing, a multiresolution segmentation was con-
ducted on the high resolution TerraSAR-X data (Blaschke et
al., 2000; Baatz and Sch¨ ape, 2000).
Afterwards, a semi-automatic threshold classiﬁcation ap-
proach was applied to the dataset. Small gaps were ﬁlled and
adjoining ambiguous segments were added to reliably clas-
siﬁed ﬂooded segments by using neighbourhood functions.
Finally, a binary ﬂood mask with 3m resolution was derived.
A LiDAR-DEM with a horizontal resolution of 2m and
a vertical accuracy of 0.1m was used for this study. For
validation and cross checking purposes, orthorectiﬁed aerial
photographs acquired 15 h prior to the TerraSAR-X overpass
could be obtained. Similarly to the IKONOS satellite im-
agery, the aerial photos were visually interpreted and a ﬂood
mask was derived by manual digitisation.
Hydrol. Earth Syst. Sci., 13, 567–576, 2009 www.hydrol-earth-syst-sci.net/13/567/2009/H. Zwenzner and S. Voigt: Improved estimation of ﬂood parameters 573
  26
 
 
 
Figure 8. Longitudinal profile of the Severn reach (exclusive of the River Avon) showing the 
elevation of the water level for each individual cross-section profile derived from TerraSAR-
X (red) and from an Aerial Photography survey (green) one day prior to the satellite overpass 
in comparison to the pre-flood average water level (blue).  
Fig. 8. Longitudinal proﬁle of the Severn reach (exclusive of the
River Avon) showing the elevation of the water level for each indi-
vidualcross-sectionproﬁlederivedfromTerraSARX(red)andfrom
an Aerial Photography survey (green) one day prior to the satellite
overpass in comparison to the pre-ﬂood average water level (blue).
4.3 Case speciﬁc analysis
Corresponding to the higher resolution of the TerraSAR-X
ﬂood mask, cross section ﬂood proﬁles were generated at in-
tervals of 50m between proﬁles and a sampling distance of
5m along the proﬁles. As illustrated in Fig. 7, the cross sec-
tion proﬁles were arranged orthogonally to the centreline of
the ﬂooded Severn and Avon. The centreline was manually
digitised from the satellite imagery. The ﬂooded areas in the
city of Tewkesbury which were not connected to the main
water body were excluded from this study. It turned out that
these areas could not be sufﬁciently represented by the pro-
ﬁle method based on the centreline of the main river.
The proﬁle shifting method described in chapter 2 was ap-
plied to the ﬂood proﬁles derived from the TerraSAR-X ﬂood
mask. A maximum horizontal shift of 5 pixels was allowed
to achieve a horizontal water level. Subsequently, the water
level of each individual cross section was derived from the
elevation of the left and right border of the adjusted ﬂood
proﬁles. The same method was then conducted for the ﬂood
mask derived from the optical reference imagery. A com-
parison of the water level altitude of both data sets and each
cross section is displayed in Fig. 8.
In contrast to the Elbe case study, the entire processing
chain presented in chapter 2 was applied to the ﬂood proﬁles
derived from TerraSAR-X. Figure 9 presents the sequence of
the water level elevation of each ﬂood proﬁle in ﬂow direc-
tion, showing a total vertical variation of about 2.7m. The
derived water level estimates were smoothed by applying a
moving average ﬁlter over 31 cross sections. The smoothed
water levels shown in Fig. 9 represent the longitudinal wa-
ter surface of the river reach and serve as reference eleva-
tion for the ﬂood depth computation. By applying the pro-
ﬁle adjustment processing step, each individual ﬂood pro-
  27
 
 
 
Figure 9. Longitudinal Profile of the Severn reach (exclusive of the River Avon) showing the 
water level of the individual flood profiles derived from the TerraSAR-X flood mask. The 
water level estimates were smoothed by a moving average in order to diminish classification 
errors and possible inaccuracies in the elevation model. The smoothed line serves as reference 
flood level for the flood depth delineation. 
Fig. 9. Longitudinal Proﬁle of the Severn reach (exclusive of the
River Avon) showing the water level of the individual ﬂood proﬁles
derivedfromtheTerraSAR-Xﬂoodmask. Thewaterlevelestimates
were smoothed by a moving average in order to diminish classiﬁ-
cation errors and possible inaccuracies in the elevation model. The
smoothed line serves as reference ﬂood level for the ﬂood depth
delineation.
ﬁle was trimmed or extended according to its respective ref-
erence elevation from the longitudinal proﬁle. This means
that all ﬂood proﬁles were ﬁtted to the local ﬂood plain ter-
rain. The coordinates of the resulting left and right border
of the matched ﬂood proﬁles were then used together with
the reference elevation to create a water surface TIN. A con-
tinuous ﬂood surface elevation was derived through TIN-
interpolation and was exported to a raster ﬁle. In order to
obtain inundation depth, the DEM was subtracted from the
rasterised water surface elevation. The result is illustrated in
Fig. 10.
4.4 Results
Figure 8 indicates that the general ﬂood situation is well
represented by the TerraSAR-X ﬂood proﬁles. The regres-
sion lines in Fig. 8 show that the water level estimates from
TerraSAR-X data are on average about 80cm lower than the
water level estimates derived from aerial photography ac-
quired 15 h earlier. At the Mythe Bridge water gauge (at
2.3km on the longitudinal proﬁle) the difference was actu-
ally 62cm. Due to the decreasing water level during the
15 h period between the acquisitions of TerraSAR-X and
the aerial photos (see Fig. 6), 27cm have to be subtracted,
leaving a delta of 35 cm at Mythe Bridge. This means, that
the TerraSAR-X water levels are underestimated by approx-
imately 35cm compared to water levels derived from or-
thophotos. The comparison of the water level estimates de-
rived from TerraSAR-X and aerial photos with water gauge
data is summarised in Table 1.
The systematic underestimation of 35cm (up to 50cm in
urban areas) can be primarily attributed to the difference in
spatial resolution, which is 3m for TerraSAR-X and 0.2m
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Table 1. Comparison of water gauge data and water level estimates derived from Terra-SAR-X and aerial photography at the time of the two
data acquisitions at Mythe Bridge, Tewkesbury, UK.
Acquisition Time Aerial Photography TerraSAR-X
24/07/2007; 1:30 p.m. 25/07/2007; 6:30 a.m.
Water Gauge measurement 12.49m 12.22m 10.27m
Remote Sensing estimate 11.67m 11.05m 10.62m
1 0.35m
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Figure 10. Flood depth map of the River Severn near Tewkesbury derived from the rectified 
flood profiles of TerraSAR-X and a high resolution LiDAR elevation model. For comparison 
the flood extent derived from an aerial photography survey is shown by the yellow line. The 
urban area east of the river confluence was excluded from this study since the profile method 
was only applied along the river course. 
 
Fig. 10. Flood depth map of the River Severn near Tewkesbury
derived from the rectiﬁed ﬂood proﬁles of TerraSAR-X and a high
resolution LiDAR elevation model. For comparison the ﬂood extent
derived from an aerial photography survey is shown by the yellow
line. The urban area east of the river conﬂuence was excluded from
this study since the proﬁle method was only applied along the river
course.
for the orthophotos. The variability within the TerraSAR-X
water level estimates illustrated in Fig. 9 is mainly caused by
small scale geometric and classiﬁcation errors due to higher
backscatter from ﬂooded vegetation, urban structures or a
rough water surface. Figure 9 also shows the result of the
averaging process of the ﬂood water levels along the longitu-
dinal proﬁle in which local discontinuities in the elevation of
the ﬂood surface could be minimised.
However, the hydraulic situation shown in Fig. 9 is not
as it would be usually expected. Although the reach length
of 7km in our study is very short and the topographic gra-
dient in this area is too low in order to represent the natu-
ral downward trend of the river, a noticeable depression of
the water level can be seen in the mid-section of the longi-
tudinal proﬁle. Classiﬁcation problems around the city of
Tewkesbury are most likely responsible for an underestima-
tion of the ﬂood extent and the resulting irregularities shown
in Fig. 9. These classiﬁcation errors in the TerraSAR-X de-
rived ﬂood mask were too large in scale to be compensated
by the method applied.
As shown in Fig. 10, the created ﬂood surface area from
ﬂood depth delineation corresponds well to the ﬂood mask
derived from aerial photography. In comparison to the
original TerraSAR-X ﬂood mask, a signiﬁcant improvement
could be achieved regarding its consistency with the high
resolution elevation model. That means, that elevated ob-
jects inside the ﬂood mask such as bridges and buildings or
higher ground could automatically be excluded by applying
the method.
5 Discussion of results and conclusion
In this paper it could be demonstrated that for the given sit-
uation of the Elbe case study ﬂood extent could not be ade-
quately retrieved for ﬂood depth delineation from traditional
medium resolution SAR sensors such as Radarsat-1. Pre-
cise high resolution SAR-data is expected to be more suit-
able for such detailed studies. Generally, wind, water tur-
bulence, shallow water over agricultural ﬁelds and ﬂooded
areas covered with vegetation cause for high backscatter val-
ues in SAR data and thus often lead to a misclassiﬁcation and
underestimation of the ﬂood extent. X-Band sensors such as
TerraSAR-X working with short wavelengths are even more
sensitive to wind and roughness on water surfaces than the
widely used C-Band systems (Horritt et al., 2003).
Geometric resolution has a substantial inﬂuence on clas-
siﬁcation accuracy and ﬂood mask derivation. However, the
derivation of the ﬂood mask was not the main focus of this
study. This paper rather concentrates on methods for cor-
recting and improving ﬂood masks and it elaborates on how
precise maps of ﬂood depth can be derived. With regard to
scale it can be stated that the accuracy of the approach pre-
sented here, highly depends on the quality and resolution of
the DEM used for this analysis. Also the relation of remote
sensing and elevation data regarding their geometric reso-
lution and quality are of importance. Ideally, both datasets
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should have a spatial sampling of 3m minimum, with the
DEM resolution being higher than the resolution of the re-
mote sensing data.
Itcanbeconcludedfromthisstudy, thatforhighresolution
SAR data in combination with very high resolution elevation
data the proposed methodology allows the generation of hy-
draulically improved maps of inundation depth. However,
certain boundary conditions have to be taken into account
when applying the proﬁle method. For the adequate estima-
tion of the water level, it is crucial to determine the accurate
position of the ﬂood water boundary. Since the water level is
strongly correlated to ﬂood extent, the terrain which conﬁnes
the ﬂood water should have a moderate slope to apply the
method properly. A very steep slope would lead to increas-
ing errors, because small changes in ﬂood extent would lead
to high variation in the water level estimates. This means that
this method should only be applied for large ﬂood events in
which the normal river channel is overtopped. Apart from
dense vegetation and urban structures at the ﬂood boundary,
also extremely ﬂat terrain seems to cause problems with the
accurate identiﬁcation of the ﬂood extent and thus can lead
to errors in the derived water level estimates.
This study was able to demonstrate problems and possi-
ble solutions when combining two different data sets – satel-
lite data and DEM – for ﬂood analysis and how to overcome
discrepancies which can occur during the matching process.
Even if both datasets are considered as highly accurate and
their spatial resolution is in good accordance, a signiﬁcant
inconsistency may emerge as shown by the scattering of the
water level estimates in the longitudinal proﬁle. The causes
for this are manifold and errors must be considered in both
datasets. These errors may also be superimposed and can not
be disentangled without high quality spatial validation data
from the exact time of the satellite overpass. In the absence
of such validation data the two data sets have to be weighted
against each other. In the proposed approach the DEM is
considered as “truth” because of the very high spatial reso-
lution and accuracy of LiDAR, although there may still be
some residual errors. In order to achieve coherence between
the two data sets the ﬂood mask is manipulated and ﬁtted
onto the DEM.
The proposed methodology does not work well in urban
areas in which it is difﬁcult to detect the exact position of the
ﬂood boundary in SAR-images in these image regions. The
incidence angle of SAR systems as well as shadow/layover
effects and strong backscattering (double bounce) caused by
urbanstructurescanallhamperthevisibilityofﬂoodwaterin
urban areas. However, the higher resolution SpotLight mode
of TerraSAR-X should be used to ﬁnd out more about the po-
tential of this sensor’s ability to detect ﬂood water in built-up
areas. Assuming that the ﬂood boundary can be reliably de-
duced for at least one side of the river bank in urban areas,
a very precise potential ﬂood mask can still be provided for
these areas without considering levees or mobile ﬂood barri-
ers
The proposed method was developed in the context of the
earth-observation based mapping of ﬂood parameters in sup-
port of disaster management operations as well as to rapidly
estimate ﬂood damages. The requirements of such applica-
tions are fulﬁlled in a way that computation time is negligi-
ble and data requirements are low, i.e. only high resolution
remote sensing data and LiDAR elevation data are needed.
This work does not intend to replace accurate hydraulic mod-
eling approaches which are more complex with respect to
data requirements, parameterisation and computation time.
The proposed method has not yet been applied in real-
time ﬂood mapping operations, but is expected to improve
accuracy and hydraulic reliability of SAR-based ﬂood mon-
itoring applications signiﬁcantly. The main drawback of the
proﬁle method is that it depends on the availability of high
resolution digital elevation models which are rather expen-
sive and not readily available for a large number of basins.
However, during the last years LiDAR DEMs became more
and more available and have been successfully used for hy-
draulic applications in river ﬂood plains. In the near future,
the upcoming TanDEM-X satellite constellation renders the
possibility to provide elevation data of a new dimension on a
global scale (Krieger et al., 2005). On this basis the proposed
methodology represents a promising tool for improving ﬂood
monitoring and ﬂood mapping, especially in large ungauged
basins.
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